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The involvement of several genes in DNA repair in animals and bacteria, and the
induced expression of At3G02400 by Mitomycin C, suggest that this gene is involved in
DNA repair in plants. I have tested this hypothesis by studying the regulation of its
expression and identifying the function of this gene. To study the expression of this gene,
I used a reporter line and bio-computing tools. To identify the function of the gene, I have
isolated two T-DNA mutants and screened Targeting Induced Local Lesions in Genomes
(TILLING) mutants. T-DNA mutagenesis is the process of inserting transfer DNA into
the genome, which disrupts the genetic expression. My study showed that Camptothecin,
Bleomycin, and Mitomycin C induced the expression of At3G02400. In addition to this,
the promoter truncation studies identified a 50 bp region just upstream of the start codon
of At3G02400 that maybe required for the induction of expression.
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CHAPTER I
INTRODUCTION

Plants are sessile organisms, which are not able to move when faced with life
threatening occurrences. It has been demonstrated they evolve and build a tolerance to
certain biotic and abiotic stresses (Kimura 2006). One key element of this adaptation is
signaling happening within plants. Signal transduction was first demonstrated by the way
organisms, including plants, are able to perceive and respond to internal and external
stimuli. Signaling pathways involve multiple steps and molecules working cohesively
within a cell (Clark 2001). These pathways are usually complex and difficult to define
when trying to make the connection of what pathways contribute to what function. In
addition, there are several different types of signaling processes. These processes consist
of G-protein mediated, calcium based, protein kinase signaling, and cyclic nucleotide.
My thesis focuses on protein kinase signaling. This particular type of signaling is
dependent upon both kinases and phosphatases for the execution of cellular processes
(Pais 2009). Kinases are used as catalysts in the process of phosphorylation. Phosphatases
are involved in removing phosphate groups. Also, there are some proteins that
specifically bind to phosphorylated proteins. The Forkhead Associated (FHA) domain is
one of these phosphobinding domains (Durocher 1999). Phosphorylation serves as the
“on and off” switch for the regulation of a cellular function within a biological system.
1

Arabidopsis thaliana, which is a weed that is a part of the Brassicaceae family, is
an excellent model organism. There are several characteristics that make this plant an
ideal organism for biological studies. First, its genome is completely sequenced
(Arabidopsis Genome Initiative 2000), which allowed for the molecular identification of
genes encoding different functional domains (Kimura 2006). It has a short life cycle, a
small size, and is self-pollinating (Meinke 1998). In addition to this, is 20% homologous
with humans is considerable, which makes a lot of findings very important for the further
development of human research (Jones 2008). These characteristics make genetic studies
using Arabidopsis so efficient and ideal. Numerous molecular, biochemistry, and plant
biology theories and techniques allow for the immense amount of data from this model
system.
The FHA Domain is a phosphopeptide-binding domain (Durocher 1999). FHA
domains are present in proteins from bacteria, animals, humans and plants with important
cellular functions such as cell cycle regulation and DNA repair (Chevalier 2009). In
Arabidopsis there are 18 genes which encode a protein with a FHA domain. The unique
thing about the Forkhead domain is that homology within it is not very high. This domain
is found in a large amount of proteins too (Durocher 1999). In addition to this, it is a
phosphorylation dependent domain that has furthered the study of protein-protein
interactions. This analysis was a direct result of the domain’s kinase- associated protein
phosphatase interactions.
One of the 18 Arabidopsis genes, which encode a protein with a FHA domain is
induced by Mitomycin C. Mitomycin C is a DNA damaging agent (Markmann-Mulisch
2007). DNA damage affects the carrier of the genetic information and can lead to cell
2

death. Increased UV exposure can lead to increased DNA damage that is predicted to
reduce plant growth, height, and yield (Zuk-Golaszewska 2003). Since Mitomycin C was
shown via microarray data to up regulates this gene’s expression, then this places merit
on its function in DNA repair. DNA damage is caused by the induction of mutations by
abiotic agents. There are three main ways to repair DNA (Friedberg 1988). These
particular methods are called DNA repair mechanisms. They consist of mismatch repair
(direct repair), base excision repair, and nucleotide excision repair (NER). Mismatch
repair is the most basic form of DNA repair. It occurs when a wrong nucleotide is
inserted by DNA polymerase during replication, which results in the synthesis of an
incorrect base pairing. In order to correct this error, the incorrect base must be removed
and replaced with the correct one. This is done by repair proteins which remove the base
and then replace it, while ligating it back into the double helix of DNA (Shimodaira
2003). They consist of DNA methylase, Exonuclease, DNA helicase II, SSB proteins,
DNA polymerase III and DNA ligase (Friedberg 1988). Base excision repair involves the
replacement of a damaged base. The base that has been mutated or damaged is removed
and replaced with the same base. This particular damaged base may be due to alkylation,
which is when an alkylating agent (EMS) adds an additional alkyl group to DNA.This is
corrected by protein complexes and enzymes. They consist of DNA glycosylase, AP
endonuclease, DNA polymerase I, and DNA ligase (Friedberg 1988). Nucleotide
excision repair involves the replacement of damaged nucleotides. This damage can be
caused by UV radiation. This radiation can lead to DNA being damage via thymine
dimers. Affected by this mutation, the damaged nucleotide must be removed and
replaced. This is done by a specific group of proteins and enzymes that consists of Uvr3

A, Uvr-B, Uvr-C, DNA polymerase I, and DNA ligase. The Uvr proteins are responsible
for removal and replacement of the damaged nucleotide (Friedberg 1988).
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CHAPTER II
CHARACTERIZATION OF THE EXPRESSION OF THE AT3G02400 GENE

Introduction
Microarray data has shown that Mitomycin C, which is a genotoxic agent, induces
the expression of the At3G02400 gene (Markmann-Mulisch 2007). To confirm this
result, a reporter gene strategy was used. The reporter gene strategy technique is used to
analyze the expression of a gene. The promoter of the gene of interest is cloned in front
of a reporter gene, which is a gene whose product can be easily detected. In plants, the βD-glucuronidase (GUS) gene is commonly used as a reporter gene (Craig 1992). The
GUS gene encodes for an enzyme that breaks down X-Gluc, resulting in the
accumulation of a visible blue precipitate (Jefferson 1987). The wild type Columbia (Col)
and At3G02400 GUS reporter plants are used in this system.
Research Questions
Question 1:
A.) Can the induction of At3G02400 by Mitomycin C be confirmed by testing the
T2 GUS lines?
B.) What is the minimum amount of Mitomycin C that induces the expression of
At3G02400?

6

Question 2:
A.) Is the At3G02400 gene induced by general stress?
B.) Is the At3G02400 gene induced by other genotoxic agents?
Question 3:
A.) Which part of the promoter is required for the induction of expression by
Mitomycin C?
B.) Is the pCNA-2 element involved in the induction of expression by Mitomycin
C?
Results
Induction of At3G02400 by Mitomycin C
To confirm the induction of At3G02400 by Mitomycin C, the promoter of
At3G02400 was cloned in front of the GUS gene of the pBI101 GUS vector (Clontech).
287 base pairs (bp) were used as the promoter since there are only 358 bp in between the
stop codon of the previous predicted gene (At3G02900) and the start codon of the gene
At3G02400. Wild type Columbia (Col) plants were transformed with the At3G02400
promoter::GUS (At3G02400p::GUS) using the floral dipping method (Clough 1998).
Transgenic plants in the T1 generation were selected on Kanamycin MS plates. After the
T1 GUS lines were selected, they were planted on soil, and the T2 seeds were collected.
The T2 were selected again on Kanamycin and the resistant plants were used to perform
the “well” Mitomycin C treatment. A total of 46 GUS independent reporter lines were
tested. As a control for the Mitomycin treatment, a mock treatment was performed. In
addition, wild type Col was used as negative control.
7

The Col plants from both treatments (mock and Mitomycin C) did not show GUS
expression (Table 2.1 and Figure 2.1). But 36 out of the 46 T2 reporter lines display
staining after incubation with Mitomycin C (78% of the total). Only one of the 46 T2
reporter lines displayed GUS expression with the mock treatment (2% of the total plants).
Since all T2 lines are independent and, the reporter construct inserted randomly at
different positions of the genome, the location of the insertion may influence the
expression of the reporter line. For example, if the reporter line is inserted in
heterochromatin, which is associated with low transcription rate, the reporter line may not
be induced. Similarly, if the reporter line is inserted closed to an enhancer, this enhancer
may influence the expression of the reporter line. The results from the T2 GUS lines with
one line staining with mock treatment and 36 out 46 lines staining with Mitomycin C
may be explained by this position-dependent expression. Since 78% of the T2 GUS line
showed staining after treatment with Mitomycin C treatment and only 2% with the mock
treatment, I confirmed that the At3G02400 gene is induced by Mitomycin C treatment.
One advantage of using a reporter line over microarray based experiments is that it
provides information of the location on expression. Most of the expression of the reporter
GUS line incubated with Mitomycin C was observed in the meristematic regions of the
plants, which is where cell division happens. These regions include the apical, root and
lateral meristems, vascular tissue from both root and leaf, and leaf tip. To continue to
study the expression of the At3G02400 gene, 4 representative reporter lines, were
selected. These lines include the line-33 (high GUS expression), line- 45 (moderate GUS
expression), line 42 (low GUS expression), and line-41 (no GUS expression). Line-41
was used as an additional negative control.
8

Table 2.1

Gus reporter lines induction of expression by Mitomycin C

N = Minimum Number of Plants per GUS Staining
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A.

Figure 2.1

C.

Expression of AT3G02400 after Mitomycin C treatment and GUS staining

B.

GUS staining analysis shown above exhibits expression in the apical meristem (A), mock treatment with no expression (B), and
expression in the vascular tissue of the root tip (C)
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To determine the minimum concentration of Mitomycin C that is necessary to
induce the reporter line, line-33 was incubated with 0 ng/ml, 4.5 ng/ml, 9 ng/ml, 13.5
ng/ml, and 22 ng/ml Mitomycin C. Wild type Col was used as negative control. No GUS
expression was observed with Col plants treated with Mitomycin C or mock treated and
the line-33 mock-treated. As expected, GUS expression was observed with line-33
incubated with 22 ng/ml Mitomycin C. The lowest concentration of Mitomycin C that
induced expression of the GUS reporter was 13.5 ng/ml (Table 2.2).
Table 2.2

Mitomycin C gradient concentration treatment

Lines
Line-33
Col

Concentrations of Mitomycin C
Mock (0 ng/ml) 4.5 ng/ml 9 ng/ml 13.5 ng/ml
0/9
0/4
0/6
5/6
0/12
0/8
0/7
0/6

22 ng/ml
10/10
0/6

To test whether other agents can induced expression of At3G02400, the 4 selected
GUS reporter lines were treated with two types of agents: agents inducing general stress
and genotoxic agents (Table 2.3). Wild type Col was used in all treatments as negative
control.
The general stress treatments include NaCl, caffeine, ethanol, chill, heat, and
dimethyl sulfoxide. There was no induction of the GUS gene for the wild type Col and
the 4 GUS reporter lines for any of these general stress treatments used. These results
suggest that the At3G02400 gene is not induced by the general stressors tested.
The genotoxic treatments included camptothecin (CPT), ethidium bromide (EtBr),
hydrogen peroxide (H2O2), and bleomycin. There was no induction of the GUS gene for
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the wild type Col and line-41 (used as negative control) for both mock and treatments and
for the mock treatment of the 3 other reporter lines (Table 2.3).
There were two genotoxic treatments that did not induce expression. These
treatments were ethidium bromide and hydrogen peroxide (Verslues 2007). Ethidium
bromide intercalates DNA resulting in damaged DNA.. Hydrogen peroxide causes
oxidative damage. These types of damages chemically affect the DNA structure. The Col
treated and mock samples showed no induction of expression. In addition to this, the
GUS lines that were tested showed no induction of expression of the GUS gene when
treated and under mock treatment.
However, 3 treatments induced the expression of the 3 reporter lines. These
treatments are camptothecin (CPT), mitomycin C (MMC), and bleomycin. All of these
agents have been shown to cause physical DNA damage to DNA of a cell. CPT causes
the inhibition of DNA topoisomerase I, which prevents religation during DNA replication
and causes apoptosis (Wang 1996). Bleomycin causes double strand breaks (Burger
1981), while Mitomycin C causes DNA crosslinking (Markmann-Mulisch 2007). Since
these agents are genotoxic, this supports the preliminary findings that DNA repair may be
a primary function of the At3G02400 gene. As a result of this study, a study of the
promoter was a very important next step. By manipulating the promoter through
truncations and site directed mutagenesis, I will have a better understanding of what part
of the promoter is involved in the induction of the gene by these genotoxic agents.

12

GUS reporter lines induction of expression by various treatments

N= Minimum Number of Lines Treated Per Treatment
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Analysis of Promoter
To identify the region of the At3G02400 promoter responsible for the induction
by Mitomycin C, two different strategies were used. The first strategy was the promoter
truncation strategy. For the promoter truncation, I used 358 bp as the promoter, which is
located between the stop codon of the upstream predicted gene (At3G02900) and the start
codon of At3G02400. The 358 bp promoter and the different truncations of the promoter
(Figure 2.2) were cloned into the Gateway vector pCR8 (Invitrogen). One of these
truncations is the 278 bp used to test the induction of different agents (Tables 2.1, 2.2,
2.3). The different promoters were transferred to the Gateway compatible pYXT1 GUS
vector (Xiao 2010). The pYXT1 GUS with the different inserts were used to transform
wild type Col plants by floral dipping (Clough 1998). Transgenic plants in the T1
generation were selected on Kanamycin MS plates and used directly to perform the
“well” Mitomycin C treatment. Wild type Col was used as negative control.
Wild type Col showed no induction of the GUS gene when treated with
Mitomycin C or the mock treatment. No induction was observed for the mock treatment
with the different promoter lengths. Only the lines transformed with the 358 bp promoter
and the promoter truncations B and E displayed an induction of expression of the GUS
gene by Mitomycin C treatment. There was no induction of the GUS gene observed for
the lines transformed with the truncations A, C, and D. By comparing truncations B and
E to C, a region of 50 bp downstream of truncation C and closed to the start codon ATG
of At3G02400 appears to be required for the induction of At3G02400 by Mitomycin C.
The second strategy to analyze the promoter was a bioinformatic approach to
identify known response elements in the promoter of At3G02400. The MEME tool was
14

used to identify known response element in the promoter of At3G02400
(http://meme.sdsc.edu/meme/intro.html) (Bailey 2006). The promoter of At3G02400
contains 3 repeats of the pCNA-2 elements: AGCCCA (Figure 2) (Xu 2011). This
element is required for expression in meristematic cells (Yamamoto 2007). The
meristematic cells are where the At3G02400 gene is induced by Mitomycin C.
To test whether the pCNA-2 response element is required for the specificity of
expression of At3G02400, the pCNA-2 elements were mutated using site directed
mutagenesis. Three sets of primers were created to mutate the pCNA-2 elements from
AGCCCA to AGGGGA. The 358 bp promoter in the pCR8 vector was used as template
for the site directed mutagenesis. Multiple mutations were made: 3 constructs with
mutations in only one pCNA-2 response element; 2 constructs with mutations in two
pCNA-2 response element (1+2 and 1+3); one construct with mutations in all 3 elements.
The different promoters were transferred to the Gateway compatible pYXT1 GUS vector
(Xiao 2010). The pYXT1 GUS with the different inserts were used to transform Col
plants by floral dipping (Clough 1998). Transgenic plants in the T1 generation were
selected on Kanamycin MS plates and used directly to perform the “well” Mitomycin C
treatment. Wild type Col was used as negative control.
Wild type Col displayed no induction of the GUS gene after exposure to
Mitomycin C (Table 2.4). In addition, the GUS reporter line with the promoter with no
mutation exhibited induction of the GUS gene after exposure to Mitomycin C. For the
site directed mutagenesis sites, GUS lines transformed with the promoter containing
mutations in pCNA-2 elements 1, 2, and 1+2 showed no expression in response to
Mitomycin C. GUS lines transformed with the promoter containing mutations in elements
15

3, and 1+3 exhibited a decrease expression in response to Mitomycin C compared to
GUS lines transformed with wild type promoter. There was no expression in the organs
for the GUS lines transformed with the promoter containing mutations in pCNA-2
elements 1, 2, and 1+2, but there was expression in the root tip for the GUS lines
transformed with the promoter containing mutations in pCNA-2 elements 3 and 1+3.
Based on these results, the second pCNA-2 element may have an important role in the
expression of At3G02400 in the meristematic regions of the plant.

16

Figure 2.2
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Promoter truncations and pCNA-2 sites

Promoter truncations

N= Minimum Number Plants treated

Table 2.3

18

Figure 2.3

pCNA-2 Mutations
Materials and Methods

“Well” Treatments for GUS reporter lines
For the “well” treatment, microtiter plate with 12 wells were used and filled with
3 ml of water (mock) or 3 ml of water and agent to be tested. The concentration of the
agents used were: Mitomycin C (22ng/ml), Ethidium Bromide (150µM), Camptothecin
(25µM), Caffeine (3µM), Dimethyl Sulfoxide (2%), and Bleomycin (1.5mg/ml). Wild
type Col and the GUS reporter lines grown on MS plates for two weeks were transferred
to the wells of the microtiter plate, and submerged in the solution. The samples were then
placed in a vacuum at 15psi for 15 minutes. They were then moved to the growth room
19

and placed on a shelf with artificial light and incubated for 24 hours. After that, the
solution was removed from the wells and GUS staining was performed (Craig 1992).
Briefly, GUS staining solution was added to the wells. The plants were then submerged
in the solution and vacuumed at 15psi for 15 minutes. They were then placed at 37°C for
23 hours and analyzed.
Other Treatments of the GUS Reporter Line
The other treatments were performed with seedling grown for 5 days on MS
complemented with the agent. The agents and their concentrations were as follows: NaCl
(200µM), Ethanol (4%), Chill (4ºC), and Heat (28ºC). The seeds were sterilized, plated
on vertical plates with these different concentrations, and grown for 5 days (Figure 2.3).

Figure 2.4

Diagram of seed plating

T3= Third Generation Transgenic GUS Lines
After 5 days, these plants were transferred to microtiter plates and GUS staining
was performed (Craig 1992). Briefly, GUS staining solution composed of X-Gluc was
20

added to the wells. The plants were then submerged in the solution and vacuumed at 15
psi for 15 minutes. They were then placed at 37 ºC for 23 hours and analyzed.
Cloning of the Promoter Fragments and Site-Directed Mutagenize Promoter
The different length of the promoter were amplified by PCR using specific
primers (Table 2.5) and pfu polymerase (Stratagene) using wild type Col genomic DNA
as the template. PCR fragments were cloned into the pCR8 vector (Invitrogen) according
to the manufacturer’s recommendations. For the site directed mutagensis of the pCNA-2
elements, a set of primers were created with the mutation of three bases within the five
base sequence. These mutated promoter sequences were amplified using the 358 bp
promoter as a template with the designated site directed primers according to the
(Stratagene) manufacturer’s recommendations. Sequencing of all 13 entry clones was
carried out at Arizona State University in order to check and make sure the mutation was
correct.
To transfer the different promoter in the GUS vector (pYX-T1), a LR reaction
was performed. The entry clone (50-150 ng), destination vector (pYX-T1-150ng), and
deionized water was added to a 1.5 ml micro centrifuge tube at room temperature. The
LR ClonaseTMII enzyme was thawed on ice for about 2 minutes and then vortex briefly
(~2 seconds) twice. After the designated number of samples (reactions) were made, 2 µl
of the LR ClonaseTMII mix was added to the reactions and mixed well by vortexing
briefly twice. This was followed by centrifugation for 5-10 seconds. The reactions were
incubated at 25°C for 1 hour and after this 1 µl of Proteinase K was added to the reaction
for termination of digestion. This was then followed by a brief vortexing and incubation
21

at 37°C for 10 minutes. ECOS competent (E. coli) cells were used in the transformation.
1-2 µl of the LR reaction was added to ~50 µl of ECOS competent cells in a 1.5 ml micro
centrifuge tube and incubated on ice for 30 minutes. The cells were then heat shocked at
42°C for 30 seconds. After this, 250 µl of Super Optimal Broth with Catabolite
repression (S.O.C) media was added to the LR reaction and incubated in a shaker at 37°C
for 1 hour. The transformed cells were separated into 3 different volumes (50 µl, 100 µl,
and 150 µl) and plated on kanamycin and gentamycin specific plates. These plates were
then placed in a 37°C overnight and colonies were observed in the morning.
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Table 2.4

List of entry clones

Conclusion
Based on the data from the tables above, 78% of the lines showed an induction of
expression and 22% of mutants showed no expression. The finding that the At3G02400
was also induced at 13.5 ng/ml, which is a lower concentration level of Mitomycin C in
comparison to the standard 22 ng/ml, also followed this. Also, the location of expression
appeared to be important. Most expression was found in meristematic cells, which is
where most cell division happens within plants. Since the induction of expression was
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only seen in camptothecin, bleomycin, and Mitomycin C treated tissues, this led to the
hypothesis that At3G02400 responds to a specific type of DNA damage. For instance,
ethidium bromide is known to intercalate DNA, which is an action that affects the
structural integrity of DNA. While on the other hand, Mitomycin C physically hinders
DNA by creating crosslinks within DNA causing a physical structure strain on DNA
leading to DNA damage. Testing the promoter truncations, while mutating pCNA-2 sites
gave some good insight in to the involvement of this response element in DNA repair.
Promoter truncation testing results suggest that the promoter region of the promoter
nearest to the start of the At3G02400 gene might have some protein binding sites that
initiate transcriptional activation. For example, this region may promoter transcription
factor binding followed by the recruitment of other transcription factors that bind to
different elements inducing expression. The pCNA-2 elements are involved in driving
expression within dividing cells (Xu 2011). When mutating the pCNA-2 sites, there was
no expression in the 1+2 mutant, but low expression in the 1+3 mutant, which may
explain their involvement in the response to induction. This may be due to the fact that
the second element is the most important. In addition to this, the downstream region of
the promoter may play an important role in the induction of expression, while the pCNA2 elements determine the specificity of expression within the organs. These results have
prompted further studies into exploring how these 3 treatments affect the expression of
the At3G02400 gene and what proteins are binding to the promoter. Seeing this 78%
positive response to Mitomycin C, an induction of expression by other genotoxic agents,
location of expression in the meristematic cells, and the promoter data prompted
experimentation to study the expression. In order to check how these treatments affect the
24

expression, the putative mutants from SALK and SAIL lines that I isolated will be used
to explore DNA damage impact.
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CHAPTER III
CHARACTERIZATION OF THE PHENOTYPE OF AT3G02400

Introduction
Mitomycin C, camptothecin, and bleomycin induced the expression of the
At3G02400 in meristems. Therefore, I hypothesize that At3G02400 is involved in DNA
repair. SALK and SAIL mutants will be used to perform general stresses using different
types of reagents in order to test this hypothesis. These mutants were created via T-DNA
mutagenesis by the insertion of a tumor inducing (Ti-plasmid) plasmid into the nuclear
genome of the host, which results in a transformation of a wild type plant into a T-DNA
mutant (Tax 2001). This mutant will then be used in a comparable model with the wild
type plant in order to observe the phenotype, after treatments have occurred. The
treatments will be performed after the isolation of other mutants has been completed. The
SALK allele is inserted upstream of the At3G02400 gene, while the SAIL mutant is
inserted further downstream (Figure 3.1) These insertions cause a silencing effect to the
gene, which prevents the gene ability to express when stimulated by an external or
internal agents (Daxinger 2008).
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Figure 3.1
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Gene structure and locations of the T-DNA insertion points

Research Questions
Question 1: Does a mutation in At3G02400 have a phenotype when grown under
normal conditions?
Question 2: Does a mutation in At3G02400 have a phenotype when grown under
general stress conditions?
Results
To test the effect of mutations on the At3G02400 gene’s phenotype, T-DNA
insertional mutants were used. Homozygous mutants were isolated from T-DNA
insertional populations by genotyping individual plants. Wild type Col was used as a
negative control. The T-DNA alleles were isolated: SAIL and SALK (Figure 3.1). Both
are on the Col background. These two alleles were used for phenotypic characterization.
The wild type Col root growth when grown on regular plates with no treatment
showed no significant growth difference when compared to the SALK and SAIL alleles
(Figure 3.2 and 3.3). When the wild type Col and T-DNA insertional mutants were
exposed to DMSO (Figure 3.4 and 3.5), Caffeine (Figure 3.6 and 3.7), or Ethidium
Bromide (Figure 3.12 and 3.13) the results showed no significant difference in root
length. NaCl showed a significant difference in root length for the SAIL mutant when
compared to wild type Col at 50µM, but the SALK versus wild type Col did not (Figure
3.8 and 3.9). In the ethanol treatments, the SAIL versus wild type Col showed a
significant difference in root length at 0.50%, but the SALK versus wild type Col did not
(Figure 3.10 and 3.11).

29

Root lengths of non-treated 2 week old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.2
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Hypocotyl lengths of non-treated 2 week old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.3

31

Root lengths of DMSO treated 2 week old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.4
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Root Lengths of DMSO treated 2 weeks old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.5
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Root lengths of caffeine treated 2 week old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.6
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Root lengths of caffeine treated 2 week old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.7
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Root length of NaCl treated 2 week old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.8
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Root length of NaCl treated 2 week old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.9
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Root length of ethanol treated 2 week old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.10
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Root length of ethanol treated 2 week old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.11
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Root length of ethidium bromide treated 2 week old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.12
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Root length of ethidium bromide treated 2 week old plants grown on vertical plates

N = Minimum of 10 Plants Per Concentration

Figure 3.13
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Materials and Methods
Root Growth Analysis
Square plates were filled with ~ 30 ml of MS media supplemented with the agent
to be tested. The concentration of the agents used was: 0%, 0.5%, 1%, 2%, 4% Ethanol,
0µM, 25µM, 50µM, 100µM, 150µM Ethidium Bromide, 0µM, 50µM, 100µM, 150µM,
200µM Sodium Chloride, 0µM, 1µM, 2µM, 4µM, 6µM Caffeine, and 0%, 0.5%, 1%,
2%, 4% Dimethyl Sulfoxide. Col and the T-DNA insertional lines were grown on square
MS plates (Figure 4), red light treated for an hour, wrapped in aluminum foil for 23
hours, and placed vertically in a 20∞C growth chambers for 5 days. After 5 days, the
plants were removed and the hypocotyl and root length were measured using the ImageJ
Software package (http://rsbweb.nih.gov/ij/download.html). Statistical analysis was
performed using the SAS 9.2 software. All treatment protocols were created referencing
Gantlet of Experimental Conditions http://thale.biol.wwu.edu/gantlet.html.

Figure 3.14

T-DNA insertional mutant plating

Mutant= T-DNA Insertional Mutants (SALK and SAIL)
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Conclusion
Based on the data presented, the SALK and SAIL lines versus the wild type Col
both root lengths and hypocotyl length are not significantly different when grown on
normal plates. When the wild-type Col and T-DNA insertional mutants were treated with
general stress treatments, there were no obvious difference in root growth. However, the
results varied by treatment concentration. The wild type Col was sometimes larger than
the T-DNA insertional mutants as expected, but sometimes it was slightly smaller. Due
to this variation, the phenotype could not be analyzed. The additional testing of more
loss of function mutants for phenotypical analysis may reveal a more definite phenotype.
This leads to the use of TILLER mutants as an option for testing treatments and their
effect on the phenotype.
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CHAPTER IV
ISOLATION OF ADDITIONAL ALLELES

Introduction
The isolation of additional mutants is important in order to study the structure
function of the At3G02400 gene. Targeting Induced Local Lesions IN Genomes
(TILLING) is a way of isolating mutants with a single mutated nucleotide. These mutants
are very helpful due to the fact that these mutations result most of the time in proteins
with only one amino acid that is changed. TILLING is a large scale process of inducing
mutations via chemical mutagenesis and isolating mutations in your gene of interest using
Denaturing High Performance Liquid Chromotography (DHPLC) (McCallum 2000).
DHPLC is a method that using heteroduplex formation in order to identify mutations
(Keller 2001). Heteroduplexes are DNA that contains complementary strands from two
DNA molecules with similar sequences. In this case, the mutant and wild type DNA is
needed to identify the induced mutations. With this method in place, the isolation of
additional mutants is possible.
Research Question
Question: Can additional alleles of At3G02400 be isolated?
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Results
TILLING was used in order to isolate additional alleles of the At3G02400 gene.
The part of the gene encoding for the FHA domain was the target of the TILLING screen.
The ecotype of the parent seeds that are used is called Landsberg erecta (Ler). The
screening was done at a facility (http://www.cnb.csic.es/~tiller/) (Martin 2009). These 37
different mutant alleles were isolated. However, all of these mutant alleles do not result in
a change in amino acid at the protein level. From 37 alleles, 15 were silent mutations and
22 were missense mutations. Seeds from these 22 alleles were ordered and screened to
isolate a homozygote mutant. After the screening was performed, a homozygote was
identified for 6 mutant alleles. The remaining 16 lines either contained no homozygous
mutants or were lost due to contamination. Three of the 6 homozygous alleles contained a
change in amino acid located with in the FHA domain of At3G02400.
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Figure 4.1
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Location of Tiller mutations within AT3G02400

Table 4.1

Isolated Tiller mutants

Materials and Methods
Derived Cleaved Amplified Polymorphisms
Derived Cleaved Amplified Polymorphisms (dCAPS) was used to design primers
to genotype the TILLER lines. dCAPS is a method used to detect single nucleotide
polymorphisms via creating mismatches within primers designed to create restriction
endonucleases for genotyping (Neff 1998). The seeds of the designated lines were
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sterilized and grown on MS plates. They were then transferred to soil. DNA was
extracted using a DNA extraction buffer and a standard protocol. PCR was performed
and analyzed by agarose gel-electrophoresis (Table 4.2). After genotyping was done,
plants were selected based on the PCR image and homozygous plants were marked and
later seeds were replanted in order to isolate these homozygous plants.
Table 4.2
Line
TILLER1821-F
TILLER1821-R
TILLER3208-F
TILLER3208-R
TILLER2663-F
TILLER2663-R
TILLER220-F
TILLER220-R
TILLER775-F
TILLER775-R
TILLER2869-F
TILLER2869-R
TILLER101-F
TILLER101-R
TILLER2806-F
TILLER2806-R
TILLER3817-F

Tiller line names and primer sequences
Tm Sequence

Product
Length

22

58.5 ATCAAAGCAAAGCTTCCCCGAG

wt-194

20

57.6 GGAAACGATCCGGAGGTGCT

mut-50+155

21

58.7 CCCATTGGGCTTGAAAGGGTT

wt-268

21

58.9 GGTGGAGATTCCGGCGTCTTT

mut-82+186

22

59.4 CATCAAAGACGCCGGAATCTCC

wt-145

Length

25

60 ATGGCTAAGATTGACGGGCGTATTT

mut-20+125

25

55.1 AACTCTGACACTATCGACTCAGGGA

wt-113

22

56.3 GCCTGAACAACATCACTCCCAA

mut-22+91

27

53.7 ACTCTGACACTATCGACTCAGATAAGC wt-111

22

54 CCTGAACAACATCACTCCCAAA

22

61.3 GAGTGATGTTGTTCAGGCGCCG

wt-157

25

61.1 ATTTTCCTCTTGCTTCGACGATCGA

mut-25+132

25
31

57.8 ATACTCCCAAGGCAGTGGAAATCTC wt-121
GACCTTGTAGTTCTCTTCTCATCTTTAA
57.2 GCT
mut-31+90

22

57.9 CCGTGGTAATGAAATCGCCATC

wt-124

25

55.9 AGAGTTCAATATGGTGCCGTTGTTA

mut-25+99

26

59.9 GGAAGAACGCAAGTAGTGCAAGGA

wt-110
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mut-22+89

Enzyme

FokI

XbaI

MseI

FokI

AluI

ClaI

HindIII

MseI

Table 4.2 (continued)
TILLER3817-R
TILLER470-F
TILLER470-R
TILLER1432-F
TILLER1432-R
TILLER4771F
TILLER4771R
TILLER2806F
TILLER2806R
TILLER6439-F
TILLER6439-R
TILLER4870-F
TILLER4870-R
TILLER4771-F
TILLER4771-R
TILLER3852-F
TILLER3852-R
TILLER6420-F
TILLER6420-R
TILLER4802-F
TILLER4802-R
TILLER814-F
TILLER814-R
TILLER4696-F
TILLER4696-R

22

57.4 CTGAGATTTCCACTGCCTTGGG

25
29

57.7 TCAATCAAATTGGAAGTTGAGGGAA wt-157
TCTTGCTTCTGGTAGACCTTGTAGTTC
58 TC
mut-29+128

22

55.7 ATCGTTTCCGATTCCGAGAACT

25

55 ACTCCCAAAGTTCACCAAAATGTTA

mut-22+88

FokI

EcoRI

wt-162
mut-25+137

MseI
FokI

25

55.1 AACTCTGACACTATCGACTCAGGGA

wt= 160

22

58.3 GCTTGTTGTTCCTCCTTGGCCT

mut= 148+22

25

56.3 GATTCTCTAGGGTTTAAACCCGGAT

174 wt

25

55.9 AGAGTTCAATATGGTGCCGTTGTTA

149+25 mut

25

62.3 CCCGGATCCACTATCCGAATTGATC

wt-181

25

59.5 CGGGCGTATCTGAGTCGATAGTGTC

mut-25+156

22

57.1 TGAATCAAAGCAAAGCTTCCCC

wt-249

24

55.8 ATATGGTGCCGTTGGAAGAACTTA

mut-24+225

MseI

25

55.1 AACTCTGACACTATCGACTCAGGGA

wt-159

FokI

22

57.4 CTTGTTGTTCCTCCTTGGCCTG

mut-22+137

22

54.4 ACTCACCAAGCTTAATTTCGTAGC

wt-244

24

53.2 GCTGGCGATTCTCTAGGGTTTA

mut-24+220

22

63.8 CCACCAAGCACCTCCGGATCGT

wt-250

24

65.6 GCAGCAAGCCGCTTGTTGTTCAGC

mut-24+226

23

57.5 AGATACGCCCGTCAATCTTAGCC

wt179

24

57.9 ACTCAATAGGATCCGGATCCGAAT

mut-24+155

22

59.4 TGGGAGTGATGTTGTTCAGGCG

wt-159

24

60.9 TTTTCCTCTTGCTTCGACGATCGA

mut-24+135

ClaI

25

69.1 GCGCACGCGTGGATCGTCGAAGTTA

wt-223

MseI

23

61.4 GGGCCTCCCAACCCTTTTTTTCT

mut-23+200
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MseI

BcII

AluI

AluI

EcoRI

Table 4.2 (continued)
TILLER4001-F
TILLER4001-R
TILLER4486-F
TILLER4486-R
TILLER6741-F
TILLER6741-R
Tiller
6420(2)-F
Tiller
6420(2)-R
Tiller470(2)-F
Tiller 2636F
Tiller 2636R
Tiller 46962F
Tiller 46962R
Tiller 5992F
Tiller 5992R

25

59.1 GGCTTCGAGGAAAAAGAATCTGGTT

wt-248

22

58.2 CTCTCCGAGCCCTAGAGTTGCC

mut-22+226

GGAGGCCCCGGAAGAACGTTA

MseI

wt-149

MseI

HindIII

TGCCTTGGGAGTATCCTCAACTTCC
22

43.8 GAGAGGTAAGAACAGTGAGATT

wt-167

24

45.9 TAGTTCTCTTCTCATCTTTAAGCT

mut-24+143

TATCGACTCAGATACGCCCGTCA

wt 159

AGCAAGCCGCTTGTTGTTCAGC
mut 135+24
GAAATCAATCAAATTGGAAGTTGAGG
ATA
mut 140+21

SSpI

CTATCCGAATTGGTCGAATCGTCC

wt 183

GGCTAAGATTGACGGGCGTATTT

mut 160+23

MseI
Dde I

23

59.2 GTGGATCGTCGAAGCAAGAGGAA

120= wt

25

59.9 CCACCTTCTCAATTTCCACATCCAA

97 + 23+ mut

23

59 CAGGCAGTGCAATTGCGAACTAA

22

AluI

58.2 CTCTCCGAGCCCTAGAGTTGCC

Cut Wt 141

Dde I

118+23

Conclusion
I was able to isolate six homozygote mutants. Three of these homozygous mutants
mapped within the FHA domain of the gene of interest. These lines can be used for
testing the impact different treatments have on the phenotype. These new alleles can be
used to analyze the function of the gene: these mutants can be used to correlate the
strength of the phenotype with the region of the gene. Finally, these mutants can also be
used for a second site mutagenesis in order to isolate genetic interactors.
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CHAPTER V
FINAL CONCLUSIONS

DNA damage is one of the primary causes of cancer. Due to this fact, it is very
important to study the different causes of DNA damage using various types of model
systems. Since plants and animals have similar repair mechanism, the Arabidopsis
thaliana plant was a good system to use. This model system has been used for multiple
studies such as: Crop yield, agricultural studies, and plant resistance. As stated above, its
homology (20%) with humans is considerable, which makes a lot of findings very
important for the further development of human research (Jones 2008).
In Chapter I, I reported findings that indicated that genotoxic agents induced the
At3G02400 gene. It was shown in 78% of GUS lines expression was induced when
treated with Mitomycin C. Most of the expression was found in the meristematic cells of
the vegetative meristem, root meristem, and the lateral root tip, which are cells that
exhibit the most cell division. With this finding, I selected four representative lines from
the 78% that were induced using the GUS analysis data and visual analysis to select a
negative control, low, medium, and high response lines. A set a general and genotoxic
stress agents were used for treatment analysis. Out of these agents used, three agents
induced expression. These agents were mitomycin C, camptothecin, and bleomycin,
which are genotoxic agents. The general stress agents caused no induction of expression
for the four GUS lines or Col during the mock treatment and treatment. Since genotoxic
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agents are known to cause DNA damage this finding was important. This confirmed that
some DNA damaging agents induced the gene of interest and it may be involved in DNA
repair.
In addition to this, the analysis of the promoter showed some interesting results.
Out of the six promoter truncations, three showed an induction of expression when
treated with Mitomycin C. Within these three truncations, there was one truncation that
was not induced, but it overlapped with the other three truncations. This lead to the
theory that there may be another element further downstream, which may be required for
induction. This element would fall into the 50 bp region that includes the TATA box.
After finding the pCNA-2 response element three times within the promoter,
which is involved in driving expression within dividing cells, it was mutated. There was a
series of mutations that changed three base pairs of the five base pair sequence
(AGCCCA to AGGGGA). Two sets of mutations were tested (1+2 and 1+3). After
treating the transgenic plants with Mitomycin C, there was no induction for the 1+2
mutation, but there was a weak induction of expression for the 1+3 mutation. Neither of
these mutations fell within the 50 bp area of the required element. This led to the
conclusion that there must be a two-step process that is happening, which led to the
involvement of the pCNA-2 elements. This process likely consists of a transcription
factor binding to the 50 bp region followed by the recruitment of other transcription
factors that bind to the pCNA-2 elements driving the induction of expression.
In Chapter 2, I reported findings on the characterization of the phenotype. Two TDNA insertional mutants (Salk and Sail) were used in conjunction with wild type Col to
analyze the phenotype. The T-DNA mutants and Col were exposed to different genotoxic
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general stress treatments. During this study, the characterization of the phenotype was
difficult due to the variation of root lengths between the T-DNA mutants and Col. Under
normal growth conditions the plants had similar growth and there was no significant
difference between the mutants and Col. The other treatments had no definite trends,
which made it difficult to characterize the phenotype.
In Chapter 3, I isolated additional mutants. These mutants were isolated using
DCAPS in order to create primers that could allow for the genotyping of the mutants.
After the mutants were genotyped and digested using the designated restriction enzymes,
they were then analyzed using gel electrophoresis in order to identify any homozygous
putative mutants. I was able to identify six homozygous putative mutants, but only three
of them fell within the FHA domain.
In order to further this study, it would be important to continue characterizing this
gene’s function and phenotype. Since the data above has shown that other genotoxic
agents but not any general stress agents that were tested in this study induce this gene, it
would be important to perform further treatment testing. In addition to this, it is
imperative to study all of the other site directed mutations of the pCNA-2 element in
order to see how they affect the induction of expression. This should be followed by the
identification of any proteins that bind to the promoter with the focus being on the 50 bp
that consist of the theorized required region that is needed for the induction of expression.
Finally, the continuation of the analysis of the function of the gene by characterizing the
phenotype of a loss of function mutant needs to be completed. Specifically the phenotype
of the insertion mutants should be tested under the genotoxic agents that induce the
expression of At3G02400.
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Overall, the At3G02400 gene’s response to the various treatments of general and
genotoxic stresses gave some unique insight on its involvement in DNA repair and the
cell cycle. Since the At3G02400 gene was expressed in the meristematic cells in response
to Mitomycin C, Camptothecin, and Bleomycin, this adds merit to the initial theory of its
involvement in DNA repair. In addition to this, the truncation and treatment of the
promoter with Mitomycin C led the added support of the gene’s association to DNA
repair due to the induction of expression. Also, the mutation of the pCNA-2 response
elements showed that these elements, which are known to be involved in driving
expression in meristematic cells, negatively affected expression when mutated. With all
of these findings in place, the actual role of the At3G02400 gene may be with regulating
the cell cycle or hindering the division of damaged cells before they become lethal to the
organism. In the cell cycle, there are three phases that allow for the repair of damaged
DNA or the stoppage of the cell cycle. These three phases are G0, G1, and G2. Due to the
findings, it is theorized that the gene of interests stops division within the cell cycle either
by prompting a move to one of the three phases listed above. This then allows for the
repair of DNA before it enters the M phase of the cell cycle.
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